Introduction
============

Weak organic acids (e.g., sorbic-, acetic-, and benzoic- acid) are commonly used preservatives in the food industry since they inhibit the growth of spoilage bacteria, yeasts, and molds ([@B10]; [@B16]; [@B7]; [@B11]). The acids are most effective at pH conditions close to or below their *pK*~a~ value. Depending on the lipophilic nature of the compound, the neutral undissociated form of the molecule is able to dissolve in and diffuse over the membrane. The hydrophobic tail of, e.g., lipophilic sorbic acid, can also more permanently insert into the membrane perturbing its structure and interfering with the function of proteins ([@B45]; [@B52]; [@B13]). Inside the cell the acid dissociates and releases protons to a large extend, since most microorganisms exhibit an intracellular pH (pH~i~) near neutrality. Consequently, the proton gradient dissipates and, depending on the buffering capacity of the cell, the cytosol may acidify, affecting oxidative phosphorylation, the transport of nutrients, and a number of other metabolic functions ([@B6]; [@B14]; [@B11]; [@B56]). The generation of reactive oxygen species has been described in *Saccharomyces cerevisiae* and recently has been detected in *Bacillus cereus* upon weak acid stress ([@B39]; [@B36]), which could damage iron-sulfur clusters, proteins, and DNA. Finally, it has been shown that the accumulation of the anion in the cell can cause a rise in osmolarity and affect cytosolic enzymes ([@B4]; [@B60]; [@B41]).

*Bacillus subtilis* is one of the organisms that causes food spoilage and its growth is inhibited by weak organic acids ([@B21]). Previously, we preformed time-resolved transcriptome analysis of *B. subtilis* sub-lethally stressed with potassium sorbate (KS) to elucidate the sorbic acid adaptive responses of this organism at the molecular level ([@B53]). The results indicated that sorbic acid induces responses normally seen upon nutrient limitation and alters the expression of many cell envelope-related genes. Upregulation of fatty acid biosynthesis (*fab*) genes and BkdR-regulated genes indicated the synthesis of longer and more branched lipids. We proposed an adaptation in the fatty acid composition of the *B. subtilis* plasma membrane as a stress response mechanism, since the sensitivity of cells toward the *fab* inhibitor cerulenin was reduced in the presence of sorbic acid ([@B53]). Gene groups regulated by extracytoplasmic function sigma factors SigW and SigX (controlling functions associated with the cell surface and transport) ([@B34]) were downregulated, indicating a reduction in cell envelope remodeling and, consequently, a change in cell envelope composition. In addition, similar analyses have been performed by us in later experiments for acetic acid stressed cells in comparison to sorbic acid and the classical uncoupler carbonyl cyanide-m-chlorophenyl hydrazone (CCCP). It was observed that the inhibitory effect of sorbic acid seems to be more focussed on the cell membrane than that of acetic acid and that sorbic acid has an effect on cell physiology that is more akin to a classical uncoupler ([@B54]; [@B56]). In *B. subtilis*, PgsA is an essential protein committed to the synthesis of phosphatidylglycerol (PG), which besides being the only essential phospholipid is also the precursor for cardiolipin (CL) and lysyl-phosphatidylglycerol (L-PG) ([@B35]; [@B42]). Lopez and co-workers have shown that salt-stressed cells increase their CL phospholipid levels and decrease both PG and L-PG levels ([@B32]). Sorbic acid was shown to interact with the phospholipid headgroups ([@B13]) and mutants resistant to uncouplers were found to contain mutations in desaturase, resulting in more unsaturated fatty acids ([@B29]). This further corroborates the notion that the membrane is likely to play a crucial role in weak organic acid sensitivity, especially so since this may help to maintain the proton motive force.

A few years ago, RodZ was discovered as new player in bacterial cell morphogenesis ([@B24]). RodZ has been described in, among others, *Escherichia coli, Caulobacter crescentus* and *B. subtilis* and is reported to interact with the bacterial actin-like MreB cytoskeleton controlling cell shape and cell wall synthesis ([@B46]; [@B2]; [@B8]; [@B59]; [@B18]). Interestingly, in several *Bacillus* species *rodZ* (*ymfM*) lies upstream in the genome of *pgsA*, encoding phosphatidylglycerol phosphate synthase. Until now, no functional link between RodZ and phospholipid synthesis has been reported. But, since RodZ is also associated with the cell elongation complex ([@B19]; [@B2]) a link between the only essential phospholipid and the cell envelop seems obvious as they would need to keep track of each other within a growing cell. Moreover, weak organic acids can act as uncouplers, they may interfere with correct localization of several components of the cytoskeleton ([@B51]; [@B56]).

To elucidate novel weak acid resistance mechanisms in *B. subtilis* we created a mini-Tn*10* transposon library and screened for sorbic acid hypersensitive mutants. We show that inactivation of *rodZ* by a transposon insertion and reduction in *pgsA* expression using a conditional mutant lead to a weak acid hypersensitive phenotype. We demonstrate that PgsA depletion contributes primarily to the weak acid sensitivity observed and speculate on a possible link between membrane and cell wall homeostasis through RodZ and PgsA.

Materials and Methods {#s1}
=====================

Strains, Growth Conditions, and Genetic Manipulation
----------------------------------------------------

All bacterial strains and plasmids used in this study are listed in **Table [1](#T1){ref-type="table"}**. The *B. subtilis* strains are derivatives of the laboratory 168 wild-type (WT) lab-strains PB2 (*trp2C*) or 1A700 (*trp2C*). *E. coli* strains XL1-Blue and MC1061 were grown in lysogeny broth (LB) at 37°C. *B. subtilis* strains were grown in LB, buffered with 80 mM 3-(*N*-morpholino)propanesulfonic acid (MOPS) at pH 7.4 or 6.4 at 37°C. When required for selection, the following antibiotics were added to the medium at given concentrations: 100 μg/ml ampicillin, 1 μg/ml erythromycin, 100 μg/ml spectinomycin, 10 μg/ml kanamycin.

###### 

Plasmids and strains used in this study.

  Strain or plasmid                 Genotype or description^a^                          Source or reference
  --------------------------------- --------------------------------------------------- ---------------------
  ***Bacillus subtilis* strains**                                                       
  1A700                             *trp*2C; 168 wild-type                              BGSC^b^
  PB2                               *trp*2C; 168 wild-type                              [@B9]
  ATB012                            *rodZ*::mini-Tn*10*; Sp^R^ (PB2)                    This work
  MHB001                            *pgsA*::P*spac-pgsA*; Em^R^ (1A700)                 [@B25]
  ***Escherichia coli* strains**                                                        
  XL1-Blue                          Cloning host                                        Stratagene
  MC1061                            Cloning host                                        [@B12]
  **Plasmids**                                                                          
  pIC333                            mini-Tn*10 tnpA*; Em^R^, Sp^R^                      [@B49]
  pDG148                            P*spac*-MCS; Ap^R^, Ph^R^, Km^R^                    [@B50]
  pDG-*rodZ*                        P*spac*-*rodZ*; Ap^R^, Ph^R^, Km^R^ (pDG148)        This work
  pDG-*pgsA*                        P*spac*-*pgsA*; Ap^R^, Ph^R^, Km^R^ (pDG148)        This work
  pDG-*rodZ-pgsA*                   P*spac*-*rodZ-pgsA*; Ap^R^, Ph^R^, Km^R^ (pDG148)   This work

a
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, spectinomycin resistance; Em
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, erythromycin resistance; Ap

R

, ampicillin resistance; Ph

R

, phleomycin resistance; Km

R

, kanamycin resistance; MCS, multiple cloning site.

b

Bacillus Genetic Stock Center (

http://www.bgsc.org/

).

Standard molecular genetics techniques were used as described by [@B44]. The pDG148 vector was used to overexpress *rodZ* and *pgsA* ([@B50]). The *rodZ* gene was PCR amplified from *B. subtilis* PB2 genomic DNA using the rodZ_FW and rodZ_RV primers (see Supplementary Table [S1](#SM1){ref-type="supplementary-material"} of the Supporting Information for the sequences of all used primers). All cloning PCR reactions were performed with *Pfu* polymerase (Fermentas, Thermo Fisher Scientific). The forward primers for each construct contain a ribosome binding site, which is not present on the plasmid when it is cut with *Hin*dIII. The PCR product and vector were digested with *Hin*dIII and *Sal*I and ligated with T4 ligase (Fermentas), thus creating pDG-rodZ. For pDG-pgsA, the *pgsA* gene was amplified using the pgsA_FW and pgsA_RV primers and introduced between the *Hin*dIII and *Sal*I sites of pDG148. The combined rodZ-pgsA construct was amplified using the rodZ_FW and pgsA_RV primers and inserted as described above to create pDG-rodZ-pgsA. All constructs were first transformed to chemically competent *E. coli* MC1061 cells before plasmids were isolated and transformed to competent *B. subtilis* strains. Plasmids were isolated using a QIAprep Spin Miniprep Kit (Qiagen). Competent *B. subtillis* cells were obtained and their transformations were performed as described previously ([@B30]). The nucleotide sequence of all newly constructed plasmids was verified by sequencing.

Identification of Sorbic Acid-Susceptible Genes
-----------------------------------------------

Two independent transposon mutant libraries in *B. subtilis* WT strain PB2 were created as previously described using the mini-Tn*10* delivery vector pIC333 ([@B49]). The resulting libraries were validated for correct transposition efficiency and randomness of transposition (data not shown). Both constructed mutant libraries have the expected statistical properties according to [@B38] and [@B33]. The two transposon mutant libraries were subjected to a screen to identify mutants hypersensitive to the presence of sorbic acid. The mutant libraries were plated on 80 mM MOPS-buffered LB agar (pH 7.4). Following overnight incubation at 37°C, cells were transferred by replica plating using sterile velvets to 80 mM MOPS-buffered LB agar of pH 6.4, containing 30 mM potassium sorbate (KS). Next, the same sterile velvets were used to replicate cells on LB plates without KS to verify the successful transfer of cells. The mutants that showed no or minimal growth on KS containing LB agar compared to the plates without sorbate were stored at -80°C until further analysis. Chromosomal DNA from the hypersensitive mutants was isolated using the DNeasy Blood & Tissue Kit (Qiagen). The purified DNA was digested with *Hin*dIII. DNA from the restriction reaction was self-ligated using a Ready-To-Go DNA T4 Ligase (Amersham Bioscience). Next, ligated DNA was used directly for transformation of *E. coli* XL1-BLUE cells (Stratagene). Isolated plasmid DNA was used as a template for sequencing with specific to either end of the transposon and enabling sequencing of the cloned chromosomal DNA. The primers were purchased from Isogen Life Science (see Supplementary Table [S1](#SM1){ref-type="supplementary-material"} of the Supporting Information for the sequences) and the sequencing was performed by BaseClear. The sequencing results were aligned to the re-annotated genome sequence of *B. subtilis* 168 using BLAST at the SubtiList database ([@B5])^[1](#fn01){ref-type="fn"}^ in order to identify the affected gene.

Phase-Contrast Microscopy
-------------------------

*Bacillus subtilis* strains PB2 (WT) and *rodZ* transposon mutant ATB012 were grown into the exponential phase in 80 mM MOPS-buffered LB medium of pH 6.4. Cells were immobilized on 1% agarose as described previously by [@B28], and photographed with a CoolSnap *fx* (Photometrics) CCD camera mounted on an Olympus BX-60 fluorescence microscope through an UPLANFl 100x/1.3 oil objective (Japan).

Characterization of Stress Sensitivity of Various Mutant Strains
----------------------------------------------------------------

To further characterize the acid sensitivity of the (transposon) mutants the cells were grown on both solid agar plates and in liquid medium containing different concentrations of KS, potassium acetate (KAc) or NaCl. For the conditional *pgs*A mutant strain (P*spac*-*pgsA*) ([@B25]), the medium contained additional 0.1 mM isopropyl-β-[D]{.smallcaps}-1-thiogalactopyranoside (IPTG). Overexpression of *rodZ* and/or *pgsA* from the pDG148 vector was induced with 1 mM IPTG in exponentially growing cells 3 h before the start of a stress experiment. For the plating assay on solid medium, the cells were first grown exponentially in 80 mM MOPS-buffered liquid LB medium of pH 6.4, containing the appropriate antibiotics and 0.1 mM IPTG, at 37°C. At an OD~600~ of 0.2, 10-fold serial dilutions of the cultures were spotted on 80 mM MOPS-buffered LB plates of pH 6.4, containing 1% agar and IPTG if required, together with the indicated stress factors. After 24 h of incubation at 37°C pictures of the plates were taken. For the plating assays, the following end-concentrations of chemicals were used: KS: (15, 30, or 40 mM), KAc (80, 125, or 200 mM), and NaCl (0.7 or 1.4 M). Biologically independent experiments were performed at least three times. To monitor the growth of mutants in liquid media, exponentially growing cultures were grown to an OD~600~ of 0.4. Then, the cells were twofold diluted in a 96-well micro titer plate containing different concentrations of weak organic acid or NaCl (see below), and IPTG if required. Cells were further cultivated in a FluoStar Optima microtiter plate reader (BMG Labtech) under rigorous shaking at 37°C for 12 h. Cells were exposed to the following stresses: KS (15 mM or 40 mM), KAc (40 mM or 125 mM), and NaCl (0.7 or 1.4 M). All conditions were tested in the microtiter plate reader at least in duplicate, and biologically independent experiments were performed at least three times.

Reverse Transcriptase PCR (RT-PCR)
----------------------------------

Cells of *B. subtilis* wild-type strain PB2 and *rodZ* transposon mutant strain ATB012 were grown exponentially in 80 mM MOPS-buffered LB medium of pH 6.4. At an OD~600~ of 0.2, half of the cells were exposed to 3 mM of KS and samples were withdrawn from the stressed and control cultures at 0, 10, 20, 30, 45, and 60 min after the addition of KS. Cultures of PB2 harboring empty pDG148 and pDG148-rodZ were grown exponentially in MOPS-buffered LB medium of pH 6.4 and 1 mM IPTG was added 3 h before sampling. At an OD~600~ of 0.2 samples were taken every 30 min for 2 h. All samples were snap-frozen in liquid nitrogen and stored at -80°C prior to RNA extraction. Biological independent experiments were performed twice.

Total RNA was isolated using the RNeasy Kit (Qiagen), as described by the manufacturer's instructions. Total RNA was eluted in sterile RNase/DNase free water (Ambion), concentrations were determined with Nanodrop UV spectroscopy (Ocean Optics), and integrity was analyzed by agarose gel electrophoresis. RNA samples were treated with Turbo DNase (Ambion) to remove genomic DNA as described by the manufacturer.

To see if *rodZ* and *pgsA* are part of the same transcriptional unit and possibly the same operon, a reverse transcriptase reaction using the Superscript First Strand kit (Invitrogen) was performed with RNA isolated from the WT strain and a single reverse primer annealing to the sequence of *pgsA*, named pgsA_Q1_RV. cDNA was amplified for 40 cycles in a Biometra T3000 Thermocycler using the rodZ_Q1_FW and pgsA_Q1_RV primers. The PCR product was analyzed on a 1% agarose gel. The visible band was isolated from the gel using the QIAquick gel extraction kit (Qiagen) and the DNA was sequenced.

To determine the expression levels of *rodZ* and *pgsA* in the WT and mutant strains cDNA was synthesized using the Superscript First Strand kit (Invitrogen), using random hexamers. Semi-quantitative real-time PCR analysis was carried out on a 7300 Real-Time PCR system (Applied Biosystems). Primer Express 3.0 software (Applied Biosystems) was used to design specific primers (purchased from Isogen Life Science) for real-time PCR (see Supplementary Table [S1](#SM1){ref-type="supplementary-material"} of the Supporting Information). Reactions were carried out in a 20 μl mixture consisting of 1 μl of 3 μM specific primers, 5 μl of 100-fold-diluted cDNA template and SYBR green PCR master mix (Applied Biosystems). The cycling conditions were as follows: 1 cycle at 50°C for 2 min, 1 cycle at 95°C for 10 min, and 40 cycles at 95°C for 15 s and at 60°C for 1 min. Melting curves were used to monitor the specificity of the reaction. RNA of all time points and independent experiments were analyzed with real-time PCR in triplicate. Because the amplification efficiencies of the target and reference genes was tested and found to be approximately equal (not shown), the ΔΔ*C~T~* method could be used to calculate relative gene expressions([@B31]). The *accA* (α subunit of acetyl-CoA carboxylase) and *rpsM* (small subunit ribosomal protein S13) genes were used as two independent internal controls, since their expression levels were stable during exponential growth, irrespective of sorbic acid stress.

Phospholipid Analysis
---------------------

Cultures of the different *B. subtilis* strains were grown exponentially in MOPS-buffered LB medium of pH 6.4. At an OD~600~ of 0.2, half of each culture was stressed with 5 mM KS and 45 min later 50 ml of each cell culture was harvested by centrifugation (5 min, 4000 rpm) and the pellets were frozen in liquid nitrogen. Three independent biological replicates were assessed.

For HPLC-MS/MS analysis, samples were lyophilized overnight. The total protein concentration of the samples was measured using a BCA Protein assay kit (Thermo Scientific). Cell material corresponding to 1 mg protein was resuspended in 300 μl water and 300 μl 1:1 chloroform-methanol (v/v). The following internal standards (obtained from Avanti Polar Lipids, Inc.) were added: phosphatidylglycerol (PG), lysyl-phosphatidylglycerol (L-PG), phosphatidylethanolamine (PE), and cardiolipin (CL). Each sample including internal standards was shaken vigorously and placed on ice for 15 min, after which it was centrifuged at 1000 ×*g* for 10 min. The organic layer was transferred into another tube, and the aqueous layer was re-extracted with 3 ml of 2:1 chloroform-methanol (v/v). The combined organic layers were evaporated under a stream of nitrogen at 45°C. The residue was dissolved in 150 μl of 50:45:5 chloroform-methanol-water (v/v/v) ([@B27]).

The relative abundances of the species in the sample-extracts were determined, using HPLC-MS/MS. The liquid-chromatographic separation was achieved on a modular HPLC system (Surveyor; Thermo Finnigan) consisting of a cooled autosampler set at 12°C, a low-flow quaternary MS pump, and an analytical HPLC column: 2.1 × 250 mm silica column, 5 μm particle diameter (Merck). Phospholipids were separated and eluted with a programmed linear gradient between solution B (chloroform-methanol, 97:3, v/v) and solution A (methanol-water, 85:15, v/v) as described previously ([@B27]). MS/MS analyses were performed on a TSQ Quantum AM (Thermo Finnigan Corporation, San Jose, CA, USA) operated alternating in the negative- and positive ion electrospray ionization (ESI) mode in consecutive runs. The surface induced collision was set at 10 V; spray voltage was 3600 V and the capillary temperature was 300°C. In the MS/MS experiments argon was used as collision gas at a pressure of 0.5 mtorr; collision energy ranged between 20 and 40 eV for the different optimized transitions. In the negative mode mass spectra of CL molecular species were obtained by continuous scanning between *m*/*z* 400--*m*/*z* 1000 (2 s/scan). In the positive mode characteristic constant neutral loss (CNL) scans were used to selectively detect specific phospholipids in their corresponding retention time windows: CNL(141) for PE, CNL(172) for PG, and CNL(300.1) for L-PG.

Results
=======

Identification of *rodZ*::mini-Tn*10* as a Sorbic Acid-Hypersensitive Clone
---------------------------------------------------------------------------

In order to identify stress resistance mechanisms against weak organic acids and potential new antimicrobial targets we screened two independent transposon mutant libraries of *B. subtilis* 168 lab-strain PB2 for sorbic acid-hypersensitive clones on LB plates of pH 6.4 containing 30 mM potassium sorbate (KS). Around 10.000 clones were screened for sorbic acid sensitivity and resulted in 132 candidates in an initial evaluation. After thorough investigation of these mutants both on solid and in liquid medium, we ended up with four verified clones displaying a hypersensitive phenotype toward KS. All four clones were identified to have a transposon insertion in the *rodZ* (*ymfM*) gene (**Figure [1A](#F1){ref-type="fig"}**). The mutants containing an interrupted *rodZ* gene were isolated from both independently constructed transposon libraries and the location of insertion (at basepair 51) was found to be the same for all four mutants.

![**Inactivation of *rodZ* (*ymfM*) by a transposon leads to a sorbic acid hypersensitive phenotype. (A)** Positioning of the *rodZ* gene between *ymfK'* and *pgsA* in the *Bacillus subtilis* 168 genome. The black triangle indicates the location of the mini-Tn*10* transposon insertion and a possible terminator (due to an inverted repeat) is shown at the end of the *rodZ* sequence. **(B)** Growth curves of WT strain PB2 and the *rodZ*::mini-Tn*10* mutant grown in liquid LB medium of pH 6.4 in control conditions (closed and open circles, respectively) or the presence of 15 mM KS (closed downward triangles and open triangles, respectively). **(C)** Ten-fold dilutions of exponentially growing WT (PB2) and *rodZ* mutant cells were spotted onto LB plates of pH 6.4 containing no (upper) or 30 mM KS (lower). Plates were photographed after 24 h of growth at 37°C. The black bar indicates 5 mm. **(D)** Cell morphology of WT (PB2) and *rodZ*::Tn*10* mutant cells as observed with phase contrast microscopy. Phase contrast micrographs of typical examples of cells grown exponentially in liquid cultures are given. Note the curved rod-shape of the *rodZ*::mini-Tn*10* cells. Scale bar: 10 μm.](fmicb-07-01633-g001){#F1}

Sorbic acid hypersensitivity in liquid and on solid media of one of the identified *rodZ*::mini-Tn*10* mutants (strain ATB012) is shown in **Figures [1B,C](#F1){ref-type="fig"}**, respectively. In non-stressed liquid cultures of pH 6.4 the transposon mutant lagged a bit behind the WT strain PB2, yet it reached a higher yield than the WT strain after 5 h. However, when stressed with 15 mM KS the *rodZ* mutant, unlike the WT strain, displayed only a very slow increase in optical density. Although WT strain PB2 was able to grow, the mutant did not form colonies on LB plates of pH 6.4 containing 30 mM KS after overnight incubation at 37°C (**Figure [1C](#F1){ref-type="fig"}**, lower). It can be noted that the colonies of mutant strain ATB012 formed on plates are more round when compared to PB2 (**Figure [1C](#F1){ref-type="fig"}**, upper). Additionally, the *rodZ*::Tn*10* mutant was found to display an irregular cell morphology, having curved endings and being broader when grown in the exponential phase and examined under the microscope, with wild-type cells being 1.03 ± 0.06 μm and *rodZ*::Tn*10* cells 1.13 ± 0.07 μm (**Figure [1D](#F1){ref-type="fig"}**).

*rodZ* and *pgsA* Are Co-transcribed
------------------------------------

In *B. subtilis* and in most Gram-positive bacterial genomes that have *rodZ*, essential gene *pgsA* lies next to *rodZ* ([@B2]) (**Figure [1A](#F1){ref-type="fig"}**). We hypothesized that *rodZ* and *pgsA* are part of the same operon, although the two genes are separated by an inverted repeat which, in spite of the lack of a T-rich tail, may act as a termination sequence ([@B40]). While we cannot rule out their presence, we did not find indications for additional regulatory elements of *pgsA* expression. To confirm that *rodZ* and *pgsA* are indeed co-transcribed, we performed a reverse transcriptase reaction using one single reverse primer annealing to *pgsA* and purified RNA of WT strain PB2 as the template. A PCR reaction using specific primers for *rodZ* and *pgsA* resulted in one specific product. The sequence of the fragment corresponded exactly with the region between *rodZ* and *pgsA* (**Supplementary Figure [S1](#SM3){ref-type="supplementary-material"}** of the Supporting Information).

Additionally we tested whether the mRNA levels of *rodZ* and/or *pgsA* were affected by sorbic acid stress. Stressing exponentially growing cells of the WT strain in LB medium of pH 6.4 with 3 mM KS did not significantly change the expression levels of both genes during the first 60 min after KS stress (See Supplementary Excel Data Sheet [S1](#SM2){ref-type="supplementary-material"}). This observation was in line with our previous studies performing microarrays with 3 mM KS-stressed cells in defined minimal medium of pH 6.4 ([@B53]).

Stress Profiles of the *rodZ* Transposon Mutant and a Conditional *pgsA* Mutant
-------------------------------------------------------------------------------

RT-PCR results indicated a transcriptional link between *rodZ* and *pgsA*. Therefore, we decided to further characterize the identified sorbic acid-sensitive *rodZ*::mini-Tn*10* strain, as well as a conditional *pgsA* mutant (*pgsA*::*P*~spac~*-pgsA*) strain by testing their susceptibility to other stresses. Since *pgsA* is essential, this strain (MHB001), kindly provided by Kouji Matsumoto ([@B25]), needs a minimal amount of IPTG to be able to grow. The lowest IPTG concentration which sustained exponential growth similar to that of the WT strain in liquid cultures was 0.1 mM in our exponential conditions. Hereby we wanted to identify whether these genes are involved specifically in lipophilic sorbic acid stress, in weak organic acid stress more in general or in generic stress tolerance. Thus we tested their stress sensitivity for the highly water soluble weak organic acid: acetic acid. Although the side chains of sorbic- and acetic acid differ significantly, both have a similar pK~a~ of 4.76. Additionally we tested osmotic stress by the addition of NaCl, thus investigating a form of stress unrelated to weak organic acid stress.

Next to the previously described sorbic acid-hypersensitivity (**Figure [1](#F1){ref-type="fig"}**) the results clearly showed also hypersensitivity of the *rodZ* mutant strain for acetic acid stress on plates when compared to the WT strain (**Figure [2A](#F2){ref-type="fig"}**). No colonies were formed on LB plates of pH 6.4 containing 200 mM potassium acetate (KAc). Additionally, the ability of *rodZ*::mini-Tn*10* cells to form colonies was clearly more inhibited by 1.4 M NaCl than of cells from the parent *B. subtilis* strain. In liquid cultures, the *rodZ* mutant also displayed clear sensitivity toward KAc and NaCl stress (see **Supplementary Figure [S2](#SM4){ref-type="supplementary-material"}** of the Supporting Information). Interestingly, when grown on solid plates representing the various stress conditions and supplemented with 0.1 mM IPTG, the *pgsA* mutant strain showed a similar stress profile as that of the *rodZ* mutant (**Figure [2B](#F2){ref-type="fig"}**). Hypersensitivity to sorbic- and acetic acid was observed, and in accordance with previous data, a clear stress sensitivity was detected on plates containing 0.7 M NaCl. The conditional *pgsA* mutant grown in liquid cultures and supplemented with 0.1 mM IPTG also revealed a clear sensitive phenotype toward KS, KAc, and NaCl (see **Supplementary Figure [S3](#SM5){ref-type="supplementary-material"}** of the Supporting Information). However, the observed phenotypes disappeared when liquid cultures contained 10-fold more (1 mM) IPTG (data not shown).

![**Characterization of the *rodZ* transposon mutant and a conditional *pgsA* mutant revealed similar (hyper)sensitivity on solid plates for sorbic acid, acetic acid, and NaCl.** WT (PB2), *rodZ*::miniTn*10* (ATB012) **(A)**, and WT (1A700), *pgsA*::P*spac-pgsA* (MHB001) **(B)** were grown exponentially to an OD~600~ of 0.2 when 10-fold dilutions were spotted onto LB plates of pH 6.4 containing no, 40 mM KS, 200 mM KAc, 0.7, or 1.4 M NaCl. Plates were photographed after 24 h of growth at 37°C. The black bars indicate 5 mm.](fmicb-07-01633-g002){#F2}

The strong overlap in the phenotypes of both the *rodZ*::mini-Tn*10* mutant and the conditional *pgsA* mutant and the observation that both genes are co-transcribed suggests that the inactivation of *rodZ* in the transposon mutant gives rise to polar effects. In support of this inference, our RT-PCR data showed ΔΔ*C~T~* values for *pgsA* of up to 5 upon comparing *rodZ*::mini-Tn*10* with control cells using *accA* as reference gene and 3.6 with *rpsM* as reference (See Supplementary Excel Data Sheet [S1](#SM2){ref-type="supplementary-material"}). Given the observed phenotypes of both mutants and the involvement of PgsA in crucial membrane phospholipid biosynthesis we next assessed the membrane composition in the *rodZ*::mini-Tn*10* and *pgsA*::P*spac-pgsA* strains.

Phospholipid Composition and Structure in *rodZ::mini-Tn10 and pgsA::Pspac-pgsA*
--------------------------------------------------------------------------------

Our earlier findings suggested that adaptation to sorbic acid would (in part) be by remodeling of the plasma membrane ([@B53]). We therefore investigated the effect of sorbic acid on the membrane composition of the WT strain, the *rodZ*::mini-Tn*10* mutant, and the *pgsA* conditional mutant (*pgsA*::P*spac*-*pgsA*), as these two mutant strains displayed a similar sensitivity profile. In both the *rodZ* mutant and in the conditional *pgsA* mutant strain (under conditions of minimal *pgsA* expression), the average acyl-chain length of phospholipids was already higher than that of the WT strain when grown without weak organic acid stress. **Figure [3](#F3){ref-type="fig"}** shows the acyl tail length distribution of PG. Similar results were observed for PG-derived phospholipids (CL and L-PG) and PE (see **Supplementary Figure [S4](#SM6){ref-type="supplementary-material"}** of the Supporting Information). Upon KS stress, the most prominently observed phospholipid tail length (2⋅16 = 32 carbon atoms) seemed to increase further in the WT (**Figure [3](#F3){ref-type="fig"}**), corroborating our earlier results ([@B53]). For the conditional *pgsA* mutant this is less clear, and was not observed in the *rodZ* mutant.

![**Increased average acyl-chain length of phosphatidylglycerol (PG) in the *rodZ* transposon and conditional *pgsA* mutant, and increased lengths in the WT strain upon sorbic acid stress.** The acyl chain distribution was measured in exponentially growing cells of the WT (PB2), *pgsA*::P*spac-pgsA* and *rodZ*::mini-Tn*10* mutant strains 45 min after treatment with or without 5 mM KS. The PG acyl chain composition is given as a percentage of the total observed PG levels per strain. The number behind PG in the legend indicates the number of carbon atoms per molecule in the acyl chain.](fmicb-07-01633-g003){#F3}

In terms of the presence of different phospholipid classes the main difference between the WT strain and the *rodZ*::mini-Tn*10* strain under non-stressed conditions is a significant decrease in CL and PG phospholipids in the mutant strain (**Figure [4](#F4){ref-type="fig"}**). In the conditional *pgsA* mutant similarly lowered levels of CL and PG phospholipids were observed. Consequently, in both mutant strains the relative PE levels were increased when compared to the levels in the WT strain under control conditions. When the WT strain was exposed to sorbic acid, there was a significant drop observed in the relative L-PG levels (**Figure [4](#F4){ref-type="fig"}**), while the relative content of the other phospholipids was hardly affected. This trend was also observed in the conditional *pgsA* mutant, however, not in the *rodZ* mutant. Compared to the WT strain, the mutants showed a significant shift in the distribution of the acyl chain lengths (longer) (**Figure [3](#F3){ref-type="fig"}**). Also the mutants seems to have a less negative membrane charge due to the significant reduction of PG (-1) and CL (-2) when compared to the WT (**Figure [5](#F5){ref-type="fig"}**). Sorbic acid stress does seem to increase the negative net charge on the plasma membrane of WT cells (reduction in L-PG), which may reduce the entry of the sorbate anion. From the data presented it is clear that the phosholipid composition between the two mutants is quite similar, suggesting that the inactivation of *rodZ* may give rise to polar effects and the hypersensitivity of this mutant strain is perhaps caused by lower expression levels of *pgsA*.

![**Lowered cardiolipin (CL) and phosphatidylglycerol (PG) levels in the *rodZ* transposon and conditional *pgsA* mutant, and lowered lysyl-phosphatidylglycerol (L-PG) levels in the WT strain upon sorbic acid stress.** The phospholipid composition was measured in exponentially growing cells of the WT (PB2), *pgsA*::P*spac-pgsA* and *rodZ*::mini-Tn*10* mutant strains 45 min after treatment with or without 5 mM KS.](fmicb-07-01633-g004){#F4}

![**Rescue of the weak acid phenotypes by overexpression of *pgsA* in the *rodZ* transposon mutant.** Shown are growth curves of *B. subtilis* PB2 pDG148 (solid blue line) and *rodZ*::Tn*10*, transformed with pDG148 (red dotted line), pDG-*rodZ* (green broken line), pDG-*pgsA* (purple broken line), and pDG-*rodZ-pgsA* (light-blue broken line) stressed without **(A)**, and with 15 mM KS **(B)** or 125 mM KAc **(C)**. 1 mM IPTG was added to the pre-cultures of all strains 3 h before the start of the experiments at *t* = 0 min. to induce overexpression.](fmicb-07-01633-g005){#F5}

Complementation of the *rodZ*::mini-Tn*10* Mutant
-------------------------------------------------

We tried to rescue the stress sensitivity of the *rodZ* transposon mutant by overexpression of *rodZ* and/or *pgsA* by introducing the IPTG-inducible plasmid pDG148 ([@B50]) containing *rodZ* and/or *pgsA* under control of a *P*~spac~ promotor. Under control conditions (LB-M, pH = 6.4), the wild-type strain, and mutant strains with pDG148 or pDG-*rodZ* performed equally during early exponential growth. Mutants containing pDG-*pgsA* or pDG-*rodZ-pgsA* displayed a longer lag phase, but ended up with a higher end OD~600~ (**Figure [5A](#F5){ref-type="fig"}**). Weak acid sensitivity of the *rodZ*::mini-Tn*10* mutant with pDG-*rodZ* (P*spac*-*rodZ*) was not restored (**Figure [5B](#F5){ref-type="fig"}**). Complementation with *pgsA* via pDG-*pgsA* (P*spac*-*pgsA*) in the *rodZ* mutant reduced KS stress almost completely. Complementation with the pDG-*rodZ-pgsA* plasmid (P*spac*-*rodZ*-*pgsA*) restored some KS sensitivity, but not as much as overexpressing *pgsA* alone (**Figure [5B](#F5){ref-type="fig"}**). When cultured in the presence of 125 mM KAc stress, the overexpression of RodZ and PgsA from pDG-*rodZ*-*pgsA* or PgsA alone significantly increased the growth rate of the *rodZ*::mini-Tn*10* mutant strain (**Figure [5C](#F5){ref-type="fig"}**). Induction of pDG-*rodZ* had no effect (**Figure [5C](#F5){ref-type="fig"}**).

Discussion
==========

In order to have a direct measure of functional importance for *B. subtilis* weak organic acid stress resistance we decided to opt for the construction and screening of a transposon mutant library for sorbic acid hypersensitive mutants. Sorbic acid (trans-trans-2,4-hexadienoic acid) is a six-carbon unsaturated fatty acid with a pKa of 4.76 and the acid, or its anionic salt, is commonly utilized by the food industry. We chose to screen for sorbic acid-susceptible genes after pre-growing the transposon library first on LB plates for 24 h. We decided to use rich LB medium in our experiments, so that as many as possible mutants were able to grow with relatively normal rate prior to the screen. Longer incubations revealed many more small colonies emerging on the plates. These slow growers on plates were not used in the screen because they evidently already have severe problems growing in control conditions.

Screening of the library for sorbic acid hypersensitivity led to the identification of a uniquely stress sensitive phenotype in which the transposon was inserted into the *rodZ* gene (**Figures [1B,C](#F1){ref-type="fig"}**). One and the same insertion site was identified in the four discovered clones coming from two independent constructed mutant libraries (**Figure [1A](#F1){ref-type="fig"}**). The library was made in *B. subtilis* WT strain PB2 using the mini-Tn*10* delivery vector pIC333 and was designed to increase randomness of the sites of insertion ([@B49]). Perhaps that only a specific insertion into the *rodZ* gene of *B. subtilis* resulted in a viable clone with comparable growth rate to the WT strain in control conditions.

Significantly, *rodZ* lies immediately upstream in the genome of the essential *pgsA* gene encoding phosphatidylglycerophosphate synthase (**Figure [1A](#F1){ref-type="fig"}**). Interestingly, in many other Gram-positive bacteria (e.g., Bacilli, Streptococci, and Stapylococci) *rodZ* and *pgsA* are predicted to be part of the same operon ([@B22]; [@B1]; [@B2]). Our data, showing that a transcript containing both genes can be amplified from *B. subtilis*, corroborates this notion (See **Supplementary Figure [S1](#SM3){ref-type="supplementary-material"}** of the Supporting Information). Moreover, according to several prediction tools, *B. subtilis* RodZ has one transmembrane domain (amino acids 89 -- 113) ([@B15]; [@B26]) and an Xre-like helix-turn-helix (HTH) motive, commonly seen in DNA binding proteins, in its N-terminal side. Together, these observations initially led us to believe that the RodZ protein might be involved in regulating *pgsA* expression. However, RT-PCR experiments with overexpression of RodZ in the WT strain failed to show any changes in *pgsA* mRNA levels (see **Supplementary Figure [S5](#SM7){ref-type="supplementary-material"}** of the Supporting Information). HTH motifs also have been shown to function in DNA replication, RNA metabolism, and protein-protein interactions ([@B3]). RodZ was shown to co-localize with components of the cytoskeleton and depend on MreB for its localization ([@B2]) and interaction of RodZ with MreB was shown to be specifically with this HTH motif in *Thermotoga maritima* ([@B58]). The mutual functional dependence of RodZ and MreB was reinforced by the observation that loss of RodZ, or at least its N-terminal domain, resulted in aberrant localization of MreB and cessation of its movement ([@B58]; [@B23]).

Since MreB organization also depends on the membrane potential ([@B51]) and weak organic acids lower the proton gradient (by releasing protons in the cell) and may act in certain cases as uncouplers of the membrane potential ([@B56]), the impact of weak acid stress on cell growth may be partially mediated through membrane perturbation effects on the correct localization of MreB and RodZ containing cell shape determining protein complexes. This in turn could lead to a perturbed localization and functioning of PgsA, exacerbating the sorbic acid sensitivity. PgsA normally localizes primarily to the septal membranes in conjunction with cardiolipin and plays an essential role in cell division ([@B37]).

The observation that *rodZ* and *pgsA* are part of the same transcript as well as our earlier studies ([@B53]; [@B56]) suggested to us that the membrane plays a crucial role in weak organic acid stress tolerance. Hence we studied the phospholipid composition of the various strains. The *rodZ*::mini-Tn*10* mutant was shown to contain severely lowered levels of PG and CL (**Figure [4](#F4){ref-type="fig"}**). The average acyl chain length of the remaining phospholipids was increased in the *rodZ* mutant when compared to the WT (**Figure [3](#F3){ref-type="fig"}**; **Supplementary Figure [S4](#SM6){ref-type="supplementary-material"}** of the Supporting Information). The same phenomena were observed in the conditional *pgsA*::P*spac- pgsA* mutant that displayed similar sorbic acid-, acetic acid-, and salt-stress sensitivities (**Figure [2](#F2){ref-type="fig"}**; **Supplementary Figures [S2](#SM4){ref-type="supplementary-material"}** and **[S3](#SM5){ref-type="supplementary-material"}** of the Supporting Information). Alterations of the cell membrane lipid composition were also found in response to sorbic acid stress where a pronounced increase in acyl chain length and lowering of L-PG was seen most prominently in WT *B. subtilis* (**Figures [3](#F3){ref-type="fig"}** and **[4](#F4){ref-type="fig"}**). An increase in chain length stiffens the membrane and lowers its permeability. On the other hand, the induction of the BkdR-regulated genes (involved in the synthesis of precursor molecules for branched-chain fatty acids ([@B17]) in sorbic acid-stressed cells ([@B53]) may indicate increased branching in phospholipids and thereby balancing membrane fluidity levels. Interestingly, Lopez and co-workers have shown that salt-stressed cells increase their CL phospholipid levels and decrease both PG and L-PG levels ([@B32]), a similar trend observed in KS-stressed cells (**Figure [4](#F4){ref-type="fig"}**). However, they also measured a clear decrease in branched chain fatty lipids in cultures grown in NaCl. Noteworthy is the observation that both mutants hardly seem to change their membrane composition when stressed with KS (**Figures [3](#F3){ref-type="fig"}** and **[4](#F4){ref-type="fig"}**). The possible differences in net charge of the membrane between the mutants (significantly reduced PG and CL levels) and the WT may be one explanation for the observed hypersensitivity toward weak organic acid stress. Another explanation might be the inability of the mutants to modify their membrane composition further upon stress, e.g., they cannot adapt further. Besides a potential role for L-PG in weak acid sensitivity, it has strongly been implicated in resistance against cationic antimicrobial peptides ([@B20]; [@B47]; [@B43]). Alterations in the membrane composition likely pertain to changes in the rate of net proton influx. That is: the rate limiting step for protonophoric uncouplers is the rate with which the anion traverses the liquid-lipid interface ([@B48]; [@B13]; [@B54]; [@B56]). It is therefore likely that an increase in CL levels in combination with increased acyl-chain length confers increased resistance to uncouplers. On the other hand, this adaptation may conflict with growth at elevated temperatures, but *B. subtilis* may ultimately strive toward homeo-proton permeability ([@B57]). Alternatively, anion build-up has also been implicated as a stress factor caused by weak organic acid preservatives ([@B41]). Both of these mechanisms may interfere with proper cytoskeleton function and put stress on the total cell envelop. If one of these players fails to work in concert, the cell is weakend.

Our data presented here on the *rodZ* and the conditional *pgsA* mutant suggest that the phenotypes observed in the *rodZ* transposon mutant might be primarily the result of polar effects on *pgsA* expression. The RT-PCR data on *pgsA* expression levels in the *rodZ*::mini-Tn*10* strain compared to WT PB2 corroborate this conclusion. Finally, overexpression of *pgsA* in the *rodZ*::mini-Tn*10* background stimulated growth of cells cultured in liquid media in the presence of sorbic and acetic acid. However, overexpression of *rodZ* in the *rodZ* transposon mutant did not restore weak acid stress sensitivity to WT levels. These results also indicate that the phenotypes observed in the *rodZ* transposon mutant can almost solely be ascribed to polar effects on *pgsA*.

We present here a direct link between phospholipid synthesis and weak acid sensitivity and propose that PgsA plays an important role in membrane homeostasis and tolerance to weak organic acid stress. Future studies are aimed at assessing the membrane permeation efficacy in *Bacillus* strains with different phospholipid perturbations ([@B42]), by measuring intracellular acidification rates upon addition of various weak organic acids. This can be done with the aid of the pH-sensitive fluorescent protein pHluorin expressed in the lumen of the bacterium. The protocol for this has recently also been established by us in *B. subtilis* ([@B55]; [@B56]; [@B54]).
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***rodZ* and *pgsA* are co-transcribed.** cDNA synthesized from RNA of PB2 using the reverse primer for *pgsA* (pgsA_Q1_RV) was PCR amplified with the ymfM_Q1_FW and pgsA_Q1_RV primers and run on an agarose gel. M: GeneRuler DNA ladder mix (Fermentas); 1: Genomic DNA of *B. subtilis* WT strain PB2 used as the template (positive control); 2: cDNA made with pgsA_Q1_RV used as the template; 3: No template (primer and RNA control); 4: RNA incubated with RNase A (10 μg/ml) for 20 min at 37°C prior to cDNA reaction (genomic DNA contamination control); 5: No reverse transcriptase control.
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**Inactivation of *rodZ* leads to increased sensitivity for acetic acid and salt stress in liquid cultures.** Growth curves of WT strain PB2 and the *rodZ*::mini-Tn*10* mutant grown in liquid LB medium of pH 6.4 in control conditions (closed and open circles, respectively) and in the presence of 125 mM KAc **(A)** or 0.7 M NaCl **(B)** (closed downward triangles and open triangles, respectively).
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**Conditional *pgsA* mutant displays increased sensitivity for sorbic acid, acetic acid, and salt.** Growth curves of WT strain 1A700 and the *pgsA*::P*spac-pgsA* conditional mutant grown in liquid LB medium of pH 6.4 in control conditions (closed and open circles, respectively) and in the presence of 15 mM KS **(A)**, 125 mM KAc **(B)** or 0.7 M NaCl **(C)** (closed downward triangles and open triangles, respectively).
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**Acyl tail length distributions of phospholipids measured in WT strain PB2, conditional pgsA mutant, and the rodZ transposon mutant, in the absence and presence of 5 mM potassium sorbate (KS).** Acyl chain length distributions of the following phospholipid classes were measured: **(A)** cardiolipin (CL), **(B)** lysyl-phosphatidyl glycerol (L-PG), and **(C)** phosphatidyl glycerol (PE). The number behind the abbreviation indicates the total number of carbon atoms in the acyl chains per molecule.
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**Overexpression of *rodZ* did not have an effect on *pgsA* expression.** Relative quantification of gene expression using real-time RT-PCR was determined between *B. subtilis* WT strain PB2 carrying pDG148 and pDG-rodZ every 30 min until 2 h after induction. Expression of *rodZ* was induced with 1 mM IPTG at *t* = 0 min in exponentially growing cells. Data were normalized to *accA* expression. The error bars indicate the standard deviation.
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